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The discovery that IGF-lmRNAs encoding isoforms of the pro-IGF-I molecule are differentially regulated
in response to mechanical stress in skeletal muscle has been the impetus for a number of studies
designed to demonstrate that alternative splicing of IGF-I pre-mRNA involving exons 4, 5, and 6 gives
rise to a unique peptide derived from pro-IGF-I that plays a novel role in myoblast proliferation. Re-
search suggests that after injury to skeletal muscle, the IGF-IEb mRNA splice variant is up-regulated
initially, followed by up-regulation of the IGF-IEa splice variant at later time points. Up-regulation of
IGF-IEb mRNA correlates with markers of satellite cell and myoblast proliferation, whereas up-requ-
lation of IGF-IEa mRNA is correlated with differentiation to mature myofibers. Due to the apparentrole
of IGF-IEb up-regulation in muscle remodeling, IGF-IEb mRNA was also named mechano-growth factor
(MGF). A synthetically manufactured peptide (also termed MGF) corresponding to the 24 most C-
terminal residues of IGF-IEb has been shown to promote cellular proliferation and survival. However,
no analogous peptide product of the Igf7 gene has been identified in or isolated from cultured cells,
their conditioned medium, or in vivo animal tissues or biological fluids. This review will discuss the
relationship of the Igf7 gene to MGF and will differentiate actions of synthetic MGF from any known
product of /gf1. Additionally, the role of MGF in satellite cell activation, aging, neuroprotection, and
signaling will be discussed. A survey of outstanding questions relating to MGF will also be provided.
(Endocrinology 151: 865-875, 2010)

ver the past 10 yr, literature has arisen asserting that
Oan alternative splicing event in the IGF-I gene occurs
very early in skeletal muscle in response to mechanical
stimuli such as tenectomy and electrical stimulation. This
splicing event is posited to result in production of an IGF-I
mRNA species that is translated into a precursor and sub-
sequently processed to generate a peptide distinct from the
canonical 70-amino-acid mature IGF-I peptide. The
unique peptide derived from the pro-IGF-I precursor has
been named mechano-growth factor, or MGF (1). Although
data have been generated indicating that a synthetic version
of this peptide may increase precursor cell proliferation, we
propose to show that critical evidence is lacking that this
peptide is indeed generated from expression of the endoge-
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nous Igf1 gene. Moreover, we propose that there is insuffi-
cient data providing proof of principle that this peptide is
generated i vivo or to possess a novel role in activation and
proliferation of progenitor cells during the initial phases of
repair after tissue injury. Because the existence and action of
MGEF depends on certain features of the Igf1 gene and tran-
scription unit, we will begin by reviewing the structure of the
Igf1 gene and its expression products.

IGF-l1 Gene Structure and Expression

IGF-I promotes cell proliferation, differentiation, and sur-
vival (2, 3). The synthesis of IGF-Tis highly regulated at the

Abbreviations: IGF-IR, IGF-I receptor; MGF, mechano-growth factor; M,, relative mo-
lecular mass; PI3K, phosphoinositide 3-kinase; SPC, subtilisin-like proprotein conver-
tase; TA, tibialis anterior.
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FIG. 1. Splicing and peptide products of the Igf7 gene. The Igf1 gene
contains six exons; exons 1 and 2 (gray) serve as alternative leader
exons at the 5’-end of the mRNA, whereas exons 3 and 4 (purple) are
common to all splice variants. Several transcripts can be derived by
alternative splicing at the C terminus, including exon 4 spliced directly
to exon 6 (Ea) or exon 4 spliced to exon 5 spliced to exon 6. IGF-I
mRNA containing exon 5 is referred to as Eb in rodents (Ec in humans)
and has also been referred to as MGF (33). In humans, but not
rodents, mRNAs containing exon 5 spliced to exon 4 have been
identified (9) and are designated as Eb. Peptide products, derived from
pro-IGF-I and referred to in the text, are shown.

level of mRNA abundance in a manner consistent with its
roles in promoting cellular and tissue growth; further-
more, the complex structure of the IGF-I gene and tran-
scription unit has for many years been appreciated as a
major platform for regulation of IGF-I expression (4, 5).
The Igf1 gene spans more than 90 kb of chromosomal
DNA, and alternative splicing of IGF-I pre-mRNA can
produce multiple mRNA species, depending on the inclu-
sion of alternative leader and C-terminal exons (6-8). All
mRNA splice variants contain exons 3 and 4, which en-
code the mature 70-amino-acid IGF-I peptide consisting of
the B, C, A, and D domains. mRNAs containing exon 4
spliced to exon 6 are designated as IGF-IEa (9), whereas
those containing exon 4 spliced to exon 5 and exon 6 are
designated IGF-IEb in rodents and IGF-IEc in humans
(Fig. 1) (10-12). These mRNA splice variants encode C-
terminal extensions termed E-domains to denote their po-
sitions relative to the BCAD domains of mature IGF-L
Translation of these alternatively spliced mRNAs is pre-
dicted to result in generation of pre-pro-IGF-Is, which are
processed to yield the mature IGF-I molecule and the pro-
tein products of the E-domains, the E-peptides.

Seminal work examining the translation and stability of
Igf1 gene products demonstrated that human fibroblasts
secrete an approximately 21.5-kDa peptide (13); addi-
tionally, in vitro translation of human IGF-IEa and IGF-
IEb mRNAs revealed major bands of approximately 17.5
kDa for IGF-IEa and approximately 22 kDa for IGF-IEb
(14). The existence of high relative molecular mass (M,)
IGF-I molecules was also shown using in vitro translation
with rat IGF-IEa and IGF-IEb mRNA sequences (15). Col-
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lectively, these data suggest that the E-peptides are indeed
translated and exist as a part of pro-IGF-I. Indeed, anti-
serum directed against a 13-amino-acid peptide with se-
quence identical to a portion of the E-domain of human
IGF-IEa recognized a protein of approximately 19 kDa as
determined by SDS-PAGE (16), and antiserum developed
against a 23-amino-acid peptide with a sequence identical
to a portion of the human Eb peptide was immunoreactive
with molecules of various sizes that were presumed to
represent precursor forms of IGF-I (17). Although these
observations suggest that the E-peptides are stable as part
of pro-IGF-I, whether they are stable or functional apart
from the pro-IGF-I molecule is unknown. An approxi-
mately 2-kDa band (consistent with the M, of the Ea pep-
tide) was recognized by an IGF-IEa monoclonal antibody in
FLAG-pro-IGF-IEa-transfected HEK293 cells, suggesting
that a stable Ea peptide is generated under these conditions;
however, this band was not evident in nontransfected IM9
lymphocytes (18). Investigation into the stability, secretion,
and functions of the various E-peptides is currently ongoing,
and recent work indicates a possible role for these peptides in
mediating cellular uptake of IGF-I (19).

The MGF Hypothesis

The role of E-peptides in muscle repair and neuronal pro-
tection has also been the focus of intense study. Early work
indicated that muscles exposed to stretch and (or) electri-
cal stimulation responded with increased levels of the IGF-
IEb mRNA splice variant (20-22). Because increases in
IGF-IEb mRNA were seen after mechanical damage, and
owing to its expression in a mechano-sensitive manner,
IGF-IEb mRNA was named mechano-growth factor
(MGF). Although the term MGF signifies its responsive-
ness after mechanical stress, it is nonetheless the exact
same mRNA species as IGF-IEb and does not differ in
sequence from IGF-IJEb mRNA found in multiple tissues
(23). The idea that the IGF-IEb transcript required a sec-
ond name, i.e. MGF, resulted not only from findings that
this splice variant is increased after mechanical stress but
also from the opinion that species-specific designations for
IGF-I splice variants could be simplified (24). However,
the unconventional addition of MGF to the IGF-I nomen-
clature itself caused significant confusion; indeed, in 2003
(25), it finally became necessary for the authors themselves
to provide clarification in an effort to discriminate MGF
from the original consensus terminology established in
1991 (26). Despite this clarification, there still remains
ambiguity in the relatedness of MGF to authentic IGF-I
within the literature.

Although the nomenclature surrounding MGF is prob-
lematic, a number of studies have been published that at-
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tempt to define the role of IGF-IEb/MGF in muscle repair
and survival. In aggregate, results from these studies have
led to the formation of what we term the MGF hypothesis
(Fig. 2). The MGF hypothesis asserts that during acute
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FIG. 2. The MGF hypothesis. A, The MGF hypothesis suggests that
after muscle injury such as that caused by exercise, the Igf1 gene is
first spliced toward the Eb (MGF) splice variant. Presumably, IGF-IEb
mRNA will then be translated and processed to yield mature IGF-I as
well as the autonomous C-terminal MGF peptide. The MGF peptide is
then responsible for activating quiescent satellite cells to enter the cell
cycle and develop into mononucleated myoblasts; MGF then promotes
myoblast proliferation. However, MGF also inhibits differentiation;
thus, levels of MGF must decrease for differentiation to occur. During
the myoblast proliferative stage, splicing of the Igf7 gene is
increasingly shifted toward the Ea splice variant, which promotes
further myoblast proliferation and potentiates myoblast differentiation
into multinucleated myotubes. Thus, the MGF hypothesis suggests that
MGF is responsible for satellite cell activation and proliferation,
whereas IGF-IEa is responsible for differentiation. The events outlined
above describe the MGF hypothesis, but little has been shown with
respect to endogenous proteins acting in the manner described. Thus,
although the graph depicts cellular repair events that coincide with
IGF-I splice variant mRNA levels, extreme caution should be employed
when extrapolating mRNA data to actions at the protein level, as the
MGF hypothesis does. In particular, it is essential to realize that levels
of IGF-IEb mRNA are far lower than levels of IGF-IEa mRNA. Panel A
does not reflect this, but rather illustrates the fold changes in the
respective splice variants compared to unstimulated levels. B, Proposed
generation of MGF. Processing of pre-pro-IGF-I contains at least two
general steps; the first step involves removal of the signal peptide, and
a second step liberates the E-peptide from mature IGF-I.
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skeletal muscle repair after exercise or injury, levels of a
specific splice variant that contains exon 5 (IGF-IEb in
rodents, Ec in humans; Fig. 1) increase above preinjury
levels. After several days, levels of this transcript decrease,
and levels of the IGF-IEa splice variant increase above their
preinjury levels concomitant with the decline in levels of
IGF-IEb mRNA (27, 28); these molecular events correlate
with the mitogenic and myogenic differentiation events,
respectively, that lead to muscle repair (Fig. 2A). The ini-
tial wave of IGF-IEb mRNA is posited to be translated and
then processed to form two independent peptides: mature
IGF-I and an E-peptide (or portion of the E-peptide),
which is now referred to as MGF (Fig. 2B). MGF is then
responsible for activating quiescent satellite cells (27),
which proliferate to provide a pool of myogenic pre-
cursor cells for muscle repair. MGF itself, however, de-
spite promoting proliferation, opposes differentiation
of precursor cells (28). At this point, the levels of IGF-
IEb/MGF decline, whereas levels of IGF-IEa increase
(Fig. 2A). Like IGF-IEb, IGF-IEa propeptide is pro-
cessed to generate mature IGF-I as well as an E-peptide,
and it is argued that this increase of IGF-IEa is respon-
sible for myoblast differentiation, presumably through
the actions of mature IGF-T (28).

At present, definitive evidence supporting the events
outlined in the MGF hypothesis is lacking, and there exists
significant confusion surrounding Igf1 gene splicing, spe-
cifically with respect to MGF. MGF has been variously
referred to as an mRNA splice variant of IGF-I (i.e. IGF-
IEb mRNA) (21, 29, 30); a peptide product of IGF-I gene
expression, i.e. the Eb peptide encoded by the 3" end of the
IGF-IEb mRNA (31, 32); and a synthetic peptide that cor-
responds to the C-terminal 24 amino acids of the IGF-IEb
propeptide (28, 33). Obviously, these definitions are in-
congruent with each other and generate confusion. More
importantly, the levels of IGF-IEb mRNA are normally
vastly lower than IGF-IEa mRNA in skeletal muscle and in
other extrahepatic tissues (23, 30, 34). IGF-I gene expres-
sion increases after injury (35-38), and there is no evi-
dence that splicing of IGF-I pre-mRNA to yield IGF-IEa
mRNA is inhibited or that IGF-IEa mRNA is degraded
during the early phase of repair. Accordingly, the abun-
dance of IGF-IEb mRNA in skeletal muscle in vivo has
never been shown to exceed or even approach that of IGF-
[Ea mRNA, including during the early proliferative period
of muscle repair when IGF-IEb mRNA levels undoubtedly
show a transient increase above their preinjury levels (27,
34, 39). Moreover, IGF-IEb mRNA is predicted to encode
canonical full-length IGF-I as well as MGF (10, 12). To-
gether, these facts create a major confound to the MGF
hypothesis: under conditions where the MGF peptide,
whatever it may be, are predicted to be elevated, there is no
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basis for positing that mature IGF-I and/or pro-IGF-IEa
are not also present and indeed in elevated amounts. Be-
cause MGF and mature IGF-I are proposed under the
MGEF hypothesis to have distinct and, indeed, countervail-
ing functions (MGF as an activator of satellite cells and
mitogen and IGF-Ias a differentiation factor), the presence
of levels of IGF-I similar to or greater than MGF even
during the early phase of muscle repair/remodeling creates
an obvious conundrum. This conflict could only be re-
solved by demonstrating that IGF-IEa mRNA is not trans-
lated during the proliferative phase or that pro-IGF-IEa or
mature IGF-I are degraded or sequestered from signaling
during the early proliferative stage of repair/remodeling.
We are unaware of any evidence to support either of these
possibilities. It is also important to keep in mind that pre-
vious cell culture studies have provided abundant evidence
that the full-length mature IGF-I molecule sequentially
stimulates both myoblast proliferation and myogenic
differentiation by activating the ERK and phosphoinosi-
tide 3-kinase (PI3K)/Akt pathways, respectively (40—47).
Thus, experimental results have never been consistent
with the need to invoke distinct pro-IGF-I-derived extra-
cellular signals to explain the switch from proliferation to
differentiation. Finally, there is no evidence that the IGF-
IEb (Ec in humans)/MGF transcript generates a stable 24-
amino-acid E-peptide with residues corresponding to the
synthetically derived 24-amino-acid MGF peptide (Fig. 3),
nor is the evidence convincing that stably increased
amounts of the Eb peptide are generated under conditions
accompanying repair and regeneration of muscle, brain,
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FIG. 3. Required step for derivation of MGF from the rest of the
E-peptide. For MGF to exist as an endogenous 25-amino-acid peptide
(24 amino acids in humans due to absence of one codon within exon
5; human sequence is shown), a processing step must occur that
removes the 16-amino-acid E-extension from the peptide generated
from exon 5 and exon 6 (see also Table 2); this step has not been
observed in any system to date. Additionally, there is no identified
sequence or motif within the intact 41-amino-acid E-peptide that
would suggest this step occurs. For an endogenous peptide equivalent
to the synthetic MGF to exist, proteolytic cleavage must occur that
liberates those residues encoded by exon 5-6 (blue text) from those
encoded by the exon 4 E-extension (black text). No furin or furin-like
convertase, which are known to process pro-IGF-I, cleave scissile bonds
on the carboxyl end of lysine or on the amino end of tyrosine.
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TABLE 1. Peptide sequences used for MGF antibody
generation

No. of
Sequence residues Ref.
NH,-YQPPSTNKNTKSQRRKGSTFEERKC-COOH 25 32
NH,-YQPPSTNKNTKSQ(d)R(d)RKGSTFEEHK-NH, 24 33
YGPPSTNTKSQRRKGSTFEEHK 22 48

or other tissues in which there is an undoubted increase in
the levels of IGF-IEb mRNA.

Does MGF Exist in Vivo?

Lack of availability of specific antibodies had previously
complicated detection of IGF-IEb/MGF at the protein
level. Recently however, several independent groups have
reported generation of antibodies raised against C-termi-
nal amino acids corresponding to MGF (Table 1) (32, 33,
48). These antibodies are immunoreactive with endoge-
nous proteins possessing M, higher than 15 kDa in gerbil,
rat, and human tissues, suggesting that the antibody is
recognizing a sequence within a pro-IGF-IEb peptide,
rather than an approximately 3-kDa endogenous 24-ami-
no-acid (human) or 25-amino-acid (rodent) peptide cor-
responding to synthetic MGF (Table 2 and Fig. 3).
These findings raise the question as to whether an en-
dogenous 24-amino-acid peptide product equivalent to
the MGF peptide exists. Processing of pro-IGF-I, like other
hormones, is mediated through the actions of members of
the subtilisin-like proprotein convertase (SPC) family
(49). Members of this family, including furin, rely on a
multiple-basic-residue motif to direct cleavage at the scis-
sile bond, with preference for Arg at the P, position. Furin

TABLE 2. Estimated M, of components of mouse
pre-pro-1GF-|

No. of Estimated mass

residues (kDa)
Pre-pro-IGF-IEb 159 17.92
Pro-IGF-IEb 111 12.57
Mature IGF-I 70 7.68
Eb peptide 41 4.89
Exon 4 extension 16 1.95
MGF 25 2.94

Number of residues corresponding to each component of pre-pro-IGF-I
were determined from NCBI Reference Sequence NP_034642.2 [IGF-I
isoform 1 pre-proprotein (Mus musculus)] (11). Estimated average
molecular masses were determined by computing mass of peptides
with hydrogen N-terminal and free acid C-terminal groups. Although
the Eb peptide represents 41 residues of the pre-pro-IGF-IEb sequence,
its cleavage from mature IGF-I likely produces a 40-amino-acid peptide
due to cleavage at Arg”". Cleavage of pro-IGF-l yields a 71-amino-acid
peptide that contains the 70-residue mature IGF-l as well as Arg”" as
the most C-terminal residue. Arg”" is subsequently removed,
presumably by carboxypeptidase activity, thus yielding mature IGF-|
and the Eb peptide.
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itself also relies heavily on the presence of Arg at the P,
position, whereas the requirement for Arg at P, is less
stringent for other proprotein convertases such as Kex2,
which is able to recognize basic or alipathic residues at that
position (50). Research investigating the role of SPCs in
pro-IGF-IEa processing revealed that furin, as well as sev-
eral other SPC family members, regulated cleavage at Arg
residues that leads to removal of the E-domain from ma-
ture IGF-I (51, 52). However, these studies detected no
cleavage at the exon 4-6 boundary; suggesting that nei-
ther SPCs nor other endogenous proteases in these cells
cleave the most C-terminal residue in exon 4 (Lys®®). This
is important because both pro-IGF-IEa and pro-IGF-IEb
possess the same 16-amino-acid exon 4 E-extension, thus
strongly suggesting that Lys®® is not acted upon by any
endogenous protease in a wide range of cells (52). The first
residue of exon § within human pro-IGF-IEb is Tyr®’; for
an endogenous 24-amino-acid MGF to exist, amino-ter-
minal cleavage at Tyr®” must occur (Fig. 3), and no SPCs
with this function have been identified. Thus, no known
furin or furin-like protease can cleave at the amino acid
required to generate MGF, and if an endogenous peptide
product equivalent to the synthetic MGF peptide exists, it
must be generated by a novel mechanism. A nontrypsin
serine protease-like enzyme was purified from rat synap-
tosomes that cleave pro-cholecystokinin C-terminal to a
single lysine residue to generate cholecystokinin-8 (53). In
theory, such an activity could cleave pro-IGF-I between
Lys®®and Tyr®” to generate MGF. However, experimental
evidence for this possibility is currently lacking.

Is MGF an Activator of and Mitogen for
Satellite Cells?

Satellite cells are skeletal muscle stem cells that provide a
source of nuclei to postmitotic muscle tissue and were first
described by Mauro almost 50 yr ago (54). Subsequent
research revealed that satellite cells reside between the
basal lamina and the sarcolemma of the myofiber and that
they are quiescent during adulthood but active during the
postnatal growth period (55, 56). Upon stimulus, satellite
cells are activated to enter the cell cycle whereupon they
express muscle-specific transcription factors such as
MyoD (57). Progenitor cells then proliferate and become
fusion-competent myoblasts and finally differentiate and
fuse to form new myofibers or fuse with existing damaged
myofibers (58, 59). Additionally, these cells can self-re-
new, thus replenishing the satellite cell pool (60). Activa-
tion of satellite cells can be induced by several factors
including epidermal growth factor (61), hepatocyte
growth factor (62), and nitric oxide (63, 64), whereas pro-
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liferation and differentiation can be promoted by other
factors, such as IGF-I (65).

Studies to define a potential direct involvement of IGF-
IED in satellite cell activation were first reported in 2003
(39). In this study, rat tibialis anterior (TA) muscles were
damaged by stretch and electrical stimulation, or by myo-
toxin injection, and regenerating muscles were analyzed at
different time points up to 24 d after damage. It was found
that levels of IGF-IEb mRNA were elevated at earlier time
points during recovery than IGF-IEa mRNA; furthermore,
the earlier increases in levels of IGF-IEb generally corre-
lated with increased MyoD and M-cadherin mRNA,
which were used as markers of satellite cell activation.
Thus, the levels of IGF-IEb mRNA increased above con-
trol at early time points (~1-4 d) but then declined, fol-
lowed by increased levels of IGF-IEa transcripts at d 5-24.
It should be noted, however, that the absolute number of
transcripts for the Ea mRNA was always about 10-fold
greater than the number of Eb transcripts, even when the
latter were elevated, though fold changes of Eb and Ea
were similar. In a follow-up study (27), these investigators
found that levels of IGF-IEb (MGF) mRNA peaked before
maximal M-cadherin immunoreactivity and mRNA in re-
generating TA muscle but that levels of IGF-IEa mRNA
reached peak elevation after maximal M-cadherin expres-
sion. Taken together with earlier results demonstrating
that IGF-IEb mRNA is increased in concert with MyoD
mRNA in a surgical overload model, the authors specu-
lated that because maximal IGF-IEb mRNA levels were
seen before the appearance of markers of satellite cell ac-
tivation, the protein products generated from the IGF-IEb
mRNA transcript were responsible for satellite cell
activation.

In a more recent study, addition of a synthetic MGF
peptide (originally described in Ref. 33) (see sequence in
Table 1) increased the number of desmin-positive myo-
genic precursor cells derived from healthy and diseased
muscles (66), suggesting that synthetic MGF can influ-
ence committed skeletal muscle progenitor cell prolif-
eration. However, because desmin may be expressed in
quiescent and activated satellite cells (67), a direct role
of synthetic MGF on satellite cell activation per se, re-
mains inconclusive.

In contrast to the above, work from the Barton labo-
ratory (68) suggests that IGF-IEb may not activate satellite
cells. When anterior hind-limb muscle was injected with
recombinant adenovirus with a vector encoding murine
IGF-IEb in either 2-wk- or 6-month-old mice, hypertrophy
was detected in 2-wk, but not 6-month, TA muscles 4
months after injection (68). This finding was important
because it suggested that the actions of IGF-IEb were ef-
fective in developing muscle (presumably possessing an
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active satellite cell pool) but not in mature muscle (which
are absent a significantly active satellite cell pool). Thus,
the ability of IGF-IEb mRNA products to activate quies-
cent satellite cells was not conclusively demonstrated in
this study.

In summary, several studies have investigated the role
of IGF-IEb mRNA expression during muscle recovery
from injury. Speculation is widespread that an indepen-
dent Eb peptide derived from pro-IGF-I (i.e. MGF) medi-
ates satellite cell activation; indeed, it has generally come
to be taken as having been established fact. However,
there is a lack of definitive evidence at present for a direct
action of MGF on satellite cell activation. Although ad-
ministration of synthetic MGF to C2C12 myoblasts (28)
or committed myoblast precursors (66) has been shown to
increase their proliferation, whether MGF is an effector of,
or whether increases in IGF-IEb mRNA simply correlate
with, activation of satellite cells has yet to be established.
Therefore, until conclusive evidence demonstrates a direct
role for MGF in satellite cell activation, correlations be-
tween markers of satellite cell activation and increased
MGEF should only be interpreted as such.

MGF and Aging

Depending on skeletal muscle type, approximately
1.5-7% of total nuclei are satellite cells (69). Satellite cell
number declines with age, which may result in overall
decreased recruitment or activation (70-72); indeed, de-
creased activation of aged satellite cells is associated with
loss of Notch (73) and possibly other factors that are
present in, or are responsive to, circulating factors in
young animals (74). The effect of aging on the expression
of IGF-IEb mRNA (Ec in humans) has been the topic of
several research studies, particularly in skeletal muscle. It
has been proposed that age-related sarcopenia results
from lowered expression of MGF (presumably derived
from IGF-IEb propeptide, according to the MGF hypoth-
esis); hence, MGF represents a target for therapeutic in-
tervention in preventing age-related muscle loss due to its
supposed ability to activate satellite cells.

Research addressing the involvement of MGF in muscle
repair/regeneration in young vs. old animals was pio-
neered by Goldspink’s laboratory. In an early study, it was
shown in rats that there was no significant difference in
IGF-IEb mRNA levels in unperturbed muscle of young (3
months old), middle-aged (12 months), or old (24 months)
animals (34). However, increased IGF-IEb mRNA was
noted in all age groups 5 d after surgical ablation of the
distal gastrocnemius tendon, with the young rats showing
the greatest IGF-IEb mRNA induction and old rats show-
ing the least induction. These results suggested that in ro-
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dents, levels of IGF-IEb mRNA are elevated in muscles
that compensate for overload induced by tenectomy but
that the magnitude of elevation decreases as a function of
age. These findings are in contrast to a study that evaluated
levels of IGF-IEb after stimulated isometric contraction
(simulating resistance exercise) in young (6 months old)
and old (30 months) rats (75). Twenty-four and 48 h after
the resistance exercise bout, levels of IGF-IEb mRNA were
elevated to the same degree in both young and old rat
medial gastrocnemius, demonstrating that there was no
age-related decline in IGF-IEb mRNA responsiveness to
isometric contraction.

In human skeletal muscle, there were no differences in
IGF-IEc (corresponding to rodent IGF-IEb) mRNA levels
in muscle between young (~29.5 yr) and old (~74.4 yr)
men. However, levels of IGF-IEc in vastus lateralus were
increased 2.5 h after knee extension resistance exercise in
young but not old men, suggesting the possibility that IGF-
IEc mRNA responses may be sensitive to age (25).

In a longitudinal study performed in elderly men (~74
yr old), increases in IGF-IEc mRNA were seen after 5 and
12 wk GH administration or resistance training compared
with the beginning of the study. Furthermore, when el-
derly subjects receiving GH also performed resistance ex-
ercise, there was an even greater elevation of IGF-IEc
mRNA than with resistance training or GH alone (76). In
contrast, young men receiving either GH or placebo for
14 d before an acute exercise bout showed no increased
IGF-IEc mRNA levels 2.5 h after exercise (30), a finding in
contrast with the earlier observations in young men (men-
tioned above) that used similar exercise protocols, sam-
pling techniques, and experimental methodologies (235).

Thus, in humans, whether IGF-IEc mRNA is increased
after mechanical stress is not entirely clear. In elderly men,
IGF-IEc (MGF) mRNA is increased after long-term exer-
cise and GH administration but not after an acute bout of
exercise. Evidence for elevation of IGF-IEc mRNA in
young men 2.5 h after an acute bout of resistance exercise
is conflicting; therefore, it is difficult to draw conclusions
with respect to IGF-IEc mRNA up-regulation after exer-
cise in young vs. old humans. Increased sample sizes and
a greater number of sampling points during an extended
recovery period may clarify the magnitude of difference in
IGF-IEc levels after exercise in young and old individuals.
In rodents, however, there is evidence IGF-IEb (MGF)
mRNA is up-regulated in response to compensatory over-
load in some models, and these increases are attenuated in
older animals. Given these observations, if aging reduces
levels of IGF-IEDb, is this due to altered mRNA splicing or
decreased IGF-IEb mRNA stability? What factors are ab-
sent or present in aged muscle that mediate these splicing
events? Does impaired satellite cell activation and muscle
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mass result, in some part, from deficiency of a locally pro-
duced Eb peptide? Would provision of Eb peptide prevent
age-related sarcopenia or improve regeneration/repair af-
ter injury in aged skeletal muscle, and if so, what are the
biological processes that are mediated?

MGF as a Neuroprotective Agent

Early evidence for a putative neuroprotective effect of
MGF was published in 2004 (77). In this study, rabbit
IGF-IEb (MGF) cDNAs encoding mature IGF-I as well as
the C-terminal Eb region (referred to as MGF in this study)
were injected into rat facial muscles before avulsion of the
facial nerve. Those muscles that had received the MGF
plasmid injection were almost completely protected from
motoneuron loss 1 month after nerve avulsion. In a more
recent study (78), im injection of similar plasmids pre-
vented the loss of muscle force and weight as well as pre-
vented the loss of spinal cord motoneurons of 120-d-old
SOD1%?34 mice, a model of amyotrophic lateral sclerosis.
Thus, it was concluded that MGF could contribute to pres-
ervation of muscular phenotypes during onset of mo-
toneuron-targeted disease. However, immunoreactive
bands detected by Western blot with a polyclonal anti-
MGEF antibody were evident in the 25- to 37-kDa range
and were presented as evidence that plasmid injection in-
duced MGF, despite the fact that the actual protein prod-
ucts of the plasmid expression were not characterized.
Characterization of these immunoreactive bands is im-
portant because there is no known Igf1 gene product that
contains the C-terminal 24 amino acids of IGF-IEb greater
than approximately 17.8 kDa, which corresponds to pre-
pro-IGF-IEb (Table 2). Until effects of an endogenous pep-
tide equivalent to MGF are differentiated from those of
mature IGF-I in this model, it is premature to assign any
role to a putative iz vivo MGF, especially in the case of a
protein possessing M, an order of magnitude greater than
the putative MGF peptide.

In a study performed in gerbils, brains underwent tran-
sientischemia and levels of MGF were assessed at different
time points during recovery (33). An antibody raised
against a peptide sequence derived from the 24 most C-
terminal amino acids of pro-IGF-IEb was used to deter-
mine endogenous MGF protein levels. Immunoreactive
bands (between 15 and 25 kDa, possibly consistent with
a pro-form of IGF-I) were observed in ischemia-resistant
portions of the hippocampus, prompting the authors to
suggest a possible link between endogenous MGF produc-
tion and resistance to ischemic brain injury, despite the
high M, protein detected. Administration of a synthetic
MGEF peptide immediately after reperfusion was associ-
ated with increased survival of neurons, suggesting that
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the synthetic MGF peptide was protective against neuro-
nal degradation.

Synthetic MGF has also been shown to promote sur-
vival in response to neurotoxins through a mechanism
that may involve heme-oxygenase-1 (79). Addition of
synthetic MGF to SH-SYSY cultured neurons protected
against neurotoxin-induced mitochondrial stress and
apoptosis concordant with MGF-stimulated increases
in heme-oxygenase-1, which was found to be required
for neuroprotective effects of MGF. Additionally, MGF
was protective i vivo in rat substantia nigra dopamine
neurons; rats receiving MGF infusion were protected from
motor behavior deficits as well as neuronal cell death.
Overall, the authors suggested that synthetic MGF peptide
administration may represent a new strategy to protect
neurons from oxidative stress-induced neurotoxicity seen
in Parkinson’s disease.

These studies provide evidence that im injection of
mammalian expression vectors encoding IGF-IEb cDNA,
or administration of synthetic MGF peptide, is neuropro-
tective; indeed, both the synthetic peptide and injections of
vectors encoding IGF-IEb ¢DNA promoted survival.
However, a stable protein product of the Igf1 gene cor-
responding exactly to those amino acids contained in the
synthetic MGF peptide has not yet been identified. Fur-
thermore, the protein products resulting from overexpres-
sion were not shown to represent pro-IGF-I, mature IGF-I,
the Eb peptide, or the 24 most C-terminal residues of pro-
IGF-I (MGF); hence, the identity of the immunoreactive
bands remain unknown. Due to their size, these bands
most likely represent pro-IGF-IEb or perhaps even non-
specific antibody binding. Additionally, until the 24-
amino-acid MGF peptide is shown to exist in vivo, neu-
roprotective actions of the synthetic MGF peptide
should be considered independent from expression of
the endogenous IGF-I1 Eb peptide and, indeed, any prod-
uct of the Igf1 gene.

Putative MGF Signaling Pathways

Although many studies had previously examined end-
point outcomes of IGF-IEb overexpression or synthetic
MGF administration, only recently have the potential sig-
naling mechanisms involved in effecting these outcomes
been investigated. Two recent studies provide evidence
that synthetic MGF may act through ERK in C2C12 myo-
blasts and H9¢2 cardiomyocytes. Addition of synthetic
MGEF peptide to C2C12 (31) or Hc92 (80) cells stimulated
phosphorylation of ERK, but not Akt, even in the presence
of a monoclonal IGF-I receptor (IGF-IR) neutralizing an-
tibody, suggesting that synthetic MGF-mediated ERK ac-
tivation is independent of IGF-IR and that synthetic MGF
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IGF-I

FIG. 4. IGF-IR and MGF signaling are distinct. Signaling through the
IGF-IR activates a number of intracellular signaling pathways including
PI3K/Akt and MAPK kinase/ERK. Conversely, MGF synthetic peptide
has been proposed to signal through an IGF-IR-independent
mechanism to activate ERK, but not Akt (31, 80). A specific MGF
receptor has not yet been identified; thus, that monomeric MGF binds
to a single-chain transmembrane receptor as illustrated, is speculative.

does not activate Akt (Fig. 4). These findings have, col-
lectively, led to speculation that MGF is responsible for
muscle progenitor cell proliferation through ERK activa-
tion, whereas mature IGF-I promotes differentiation and
protein synthesis through actions of Akt. However, be-
cause no evidence to date suggests that pro-IGF-I is pro-
cessed to yield a peptide product equivalent to synthetic
MGEF, the effects of synthetic MGF peptide administration
on myoblast proliferation and ERK activation cannot, at
present, be correlated with effects of any natural Igf1 gene
product. Nevertheless, these data illuminate larger ques-
tions. For example, does a stable Eb peptide exist endog-
enously, and if so, through what mechanism is it gener-
ated? If this peptide exists, does it bind to a receptor or
exert biological action similar to that of synthetic MGF?
Alternatively, if the effects ascribed to MGF actually rep-
resent effects of prolGF-IEb, then through what receptor
does this prolGF-I isoform signal? How does the MGF
hypothesis incorporate a preponderance of cell culture
data showing that full-length IGF-I increases myoblast
proliferation through activation of ERK but later pro-
motes myogenic differentiation and hypertrophy by acti-
vating the PI3K/Akt pathway (40-46)? Do the data de-
scribing synthetic MGF-mediated survival and ERK
signaling suggest its potential use as a therapeutic agent,
despite a current lack of evidence for the existence of the
Eb peptide in vivo, and because IGF-I itself can act as a
mitogen, what advantage is gained by endogenous gener-
ation or exogenous administration of MGF?

Summary and Future Directions

The majority of studies evaluating the role of MGF in
muscle repair have focused on increases in IGF-IEb (Ec in
humans) mRNA after damage induced by myotoxin,
stretch/stimulation, or exercise. In an effort to correlate
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changes in IGF-IEb mRNA levels with assumed increased
levels of MGF protein, synthetic peptides have been gen-
erated whose amino acid sequences are identical to that
contained in the C-terminal-most 24 amino acids in pro-
IGF-IED. The choice of this sequence to represent a puta-
tive Eb peptide has been described as “somewhat myste-
rious” (6); indeed, there is no evidence for such a peptide
existing in biological systems, and pro-IGF-IEb contains
no identified regulatory or proteolytic sites from which
this peptide could be liberated from either pro-IGF-IEb or
the E peptide extension encoded by exon 4 of the Igf1 gene
(Fig. 3). Thus, until it can be confirmed that a protein
product derived from pro-IGF-IEb that is identical to the
synthetic MGF peptide exists, interpretation of findings
resulting from use of this peptide should not be considered
secondary to increased IGF-IEb mRNA or pro-IGF-IEb
but rather autonomous effects of the synthetic MGF pep-
tide itself. Indeed, work using an MGF-specific antibody
demonstrated the presence of immunoreactive bands at
molecular weights that correspond to pro-IGF-I rather
than MGF (31-33, 78, 80), suggesting that MGF sequence
is stable only when a part of pro-IGF-IEb. Finally, the role
of MGF (whether as a synthetic peptide or putative pro-
tein product of the Igf1 gene) in satellite cell activation
is unclear. Whether IGF-IEb/MGF activates satellite
cells or whether increased levels of IGF-IEb mRNA sim-
ply correlate with satellite cell activation requires fur-
ther investigation.

To more adequately address the proposed function and
relevance of MGF in tissue proliferation, growth, survival,
and satellite cell activation, several concepts should be

addressed.

1) Demonstration that MGF exists in vivo

An effort should be made to determine the existence
and stability of a peptide product identical to synthetic
MGEF. The identification of preptin, a 34-amino-acid
peptide derived from the E-peptide of pro-IGF-II, pro-
vides an illustration of a process through which iden-
tification of MGF could be made in vivo (81). By using
matrix-assisted laser desorption/ionization-time of
flight mass spectrometry and reverse-phase HPLC, the in-
vestigators detected a 3.95-kDa peptide among purified
peptides from secretory granules isolated from cultured
murine BTC6-F7 B-cells. After N-terminal protein se-
quencing, this peptide was identified as a 34-amino-acid
fragment of pro-IGF-II. These investigators then charac-
terized preptin by preptin-specific RIA in BTC6-F7 islet
B-cell granules and pancreatic tissue sections stained with
preptin antisera. Finally, the investigators identified that
preptin is cosecreted with insulin and functions to increase
glucose-stimulated insulin secretion. Thus, identification,
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sequencing, characterization, and functional outcome de-
terminations in this manner would go far in demonstrating
the existence of MGF in vivo.

2) Relevance

In addition to the numerous MGF overexpression mod-
els described above, it is necessary to determine whether
loss of IGF-IEb/MGF prevents growth, proliferation, sur-
vival, or satellite cell activation. Generation of knockout
mouse models incapable of producing IGF-IEb may ben-
efit evaluation of these processes in vivo.

3) Identification of a receptor

Synthetic MGF peptide may exert its effects through an
IGF-IR-independent mechanism; this is not surprising be-
cause presumably, the tertiary conformation of synthetic
MGEF differs from mature IGF-I due to considerable dif-
ferences in primary structure. Identification of a receptor
and characterization of its actions will facilitate under-
standing of synthetic MGF-mediated biological outcomes.
With respect to endogenous Eb peptide or MGF i vivo,
however, it will be necessary to confirm their existence as
outlined in point 1 before attempting to identify a bona
fide cognate receptor. Alternatively, if effects ascribed to
MGEF are due actually to prolGF-IEb, then it will be nec-
essary to determine whether this molecule signals through
the canonical IGF-I receptor, or a novel receptor.

4) Defining signaling pathways

Two studies to date have shown that synthetic MGF
activates ERK but not Akt. Defining the signaling path-
ways both upstream and downstream of MGF-mediated
ERK activation, as well as discovering other signaling mol-
ecules activated by MGF, is essential to define the mech-
anisms through which MGF exerts its effects.

5) Nomenclature

The term MGF has been used to describe IGF-IEb
mRNA, pro-IGF-IEb, and the synthetic MGF peptide cor-
responding to the C-terminal end of pro-IGF-IEb. Because
discrepancy exists with respect to this naming schema (e.g.
no evidence that a stable 24-amino-acid protein derived
from Igf1 gene exists), we submit that the term MGF be
used only when referring to synthetic MGF. Additionally,
because MGF was named as a result of observing in-
creased IGF-IEb mRNA levels in response to mechanical
stimuli, and because there currently exists no link between
IGF-IEb mRNA and synthetic MGF, we submit that the
term MGF be avoided when referring to an IGF-I mRNA
splice variant. When examining levels of IGF-IEb mRNA
or protein, they should be referenced as IGF-IEb (or Ec in
the case of human study) to avoid confusion.
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In summary, numerous studies report that levels of the
IGF-IED splice variant increase after tissue damage. How-
ever, relating this phenomenon to the overall MGF hy-
pothesis, which is strongly based on evidence from syn-
thetic MGF peptide administration, is difficult due to lack
of detection of an in vivo MGF, uncertainty about whether
effects ascribed to MGF in actuality reflect actions of en-
dogenous IGF-IEb, as well as a lack of evidence that
mature IGF-I or pro-IGF-IEa is not also present at high
levels during this period of satellite cell activation and
proliferation. There is, however, support for mitogenic
effects of synthetic MGF, but whether an equivalent
peptide is derived from endogenous pro-IGF-I remains
to be established.
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